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:LWKWKHFULVLVRIWKHZRUOG¶VHQHUJ\FRPSDFWSODWHILQVWUXFWXUHVKDYHEHHQZLGHO\XVHGLQPDQ\PRGHUQKLJK
WHFKLQGXVWU\ILHOGVVXFKDVWKHJDVWXUELQHSRZHUJHQHUDWLRQV\VWHPVWKHK\GURJHQSURGXFWLRQV\VWHPVDQGKLJK
WHPSHUDWXUH JDVFRROHG UHDFWRU +7*5 >@ 7KHVH DGYDQFHG WKLQZDOOHG VWUXFWXUHV DUH XVHG WR LPSURYH WKH
HIILFLHQF\RI WKHZKROHV\VWHPV>@DQGSOD\DFULWLFDOUROH LQ WKHVHKLJKWHFKV\VWHPV,QRUGHU WRREWDLQWKHKLJK
HIILFLHQF\DVSRVVLEOHWKHRSHUDWLQJWHPSHUDWXUHDQGSUHVVXUHRIWKHFRUUHVSRQGLQJV\VWHPVDUHKLJKHUDQGKLJKHU
0HDQZKLOHDOOGHYLFHVLQWKHV\VWHPVWHQGWREHPLQLDWXUL]HGDQGPLFURPLQLDWXUL]HG$FFRUGLQJO\DVRQHRIW\SLFDO
FRPSRQHQWVLWLVPXFKPHDQLQJIXOWRVWXG\WKHPDQXIDFWXUHWHFKQRORJ\DQGPHFKDQLFDOSURSHUWLHVRIWKHVHSODWHILQ
VWUXFWXUHV 6LQFH WKH FRQYHQWLRQDO IXVLRQ ZHOGLQJ DQG RWKHU ZHOGLQJ PHWKRGV DUH QRW DSSURSULDWH IRU WKH
PLFURPLQLDWXUL]HGVWUXFWXUHVEUD]LQJKDVEHHQXVHGH[WHQVLYHO\ WRFUHDWHDWWDFKPHQWVEHWZHHQPHWDOOLF VWUXFWXUHV
>@7KLVSURFHVVHOLPLQDWHVWKHQHHGIRUDKLJKERQGLQJIRUFHGXHWRWKHIRUPDWLRQRIDWKLQOLTXLGLQWHUOD\HUZKLFK
GLIIHUVIURPGLIIXVLRQERQGLQJ(VSHFLDOO\IRUFRPSDFWKHDWH[FKDQJHUVYDFXXPEUD]LQJLVWKHRQO\FRVWHIIHFWLYH
SURFHVVWKDWUHVXOWVLQWKRXVDQGVRIWKHPRVWSHUIHFWMRLQWVEHWZHHQWKHILQVDQGWKHSULPDU\VXUIDFHV>@
'XULQJ WKH W\SLFDO KLJK WHPSHUDWXUH EUD]LQJ SURFHVV D ORZ PHOWLQJ ILOOHU DOOR\ FRQWDLQLQJ PHOWLQJ SRLQW
GHSUHVVDQW 03' HOHPHQWV VXFK DV % LV SODFHG EHWZHHQ ID\LQJ VXUIDFHV RI WKH EDVH DOOR\ DQG WKHQ WKH HQWLUH
DVVHPEO\LVKHDWHGWRWKHERQGLQJWHPSHUDWXUH6LPLODUZLWKWUDQVLHQWOLTXLGSKDVHERQGLQJDOWHUQDWLYHO\WHUPHGDV
GLIIXVLRQEUD]LQJ>@EUD]LQJERQGLQJSURFHVVFDQEHFODVVLILHGLQWRDQXPEHURIVHTXHQWLDOGLVFUHWHVWDJHVQDPHO\
LPHOWLQJRIWKHILOOHUPHWDOLLGLVVROXWLRQRIWKHEDVHPHWDOLLLLVRWKHUPDOVROLGLILFDWLRQDQGLYKRPRJHQL]DWLRQ
>@$WWKHEUD]LQJMRLQWDUHDGLIIXVLRQRI03'HOHPHQWVLQGXFHDFRQWLQXRXVPRGLILFDWLRQRIWKHOLTXLGLQWHUOD\HU
FRPSRVLWLRQZKLFKLQFUHDVHVWKHPHOWLQJWHPSHUDWXUHRIWKHEUD]LQJVHDPDUHDDQGUHVXOWVLQUHVROLGLILFDWLRQGXULQJ
KROGLQJVWDJHDWDFRQVWDQWEUD]LQJ WHPSHUDWXUH7KLVPRGHRIVROLGLILFDWLRQ LVJHQHUDOO\ UHIHUUHG WRDV LVRWKHUPDO
VROLGLILFDWLRQ WRPDNHDGLVWLQFWLRQ IURP WKHXVXDOFDVHRI VROLGLILFDWLRQGXULQJFRROLQJVWDJH >@0DMRUDWWHQWLRQ
QHHGWREHSDLGWRWKHLVRWKHUPDOVROLGLILFDWLRQVWDJHEHFDXVHFRPSOHWHLVRWKHUPDOVROLGLILFDWLRQFDQUHDOL]HWKHIXOO
GLIIXVLRQRI03'HOHPHQW LQWR WKHEDVHPHWDODQG ILQDOO\ IRUP WKH IXOO VROLGVROXWLRQ MRLQW2WKHUZLVH WKHEULWWOH
LQWHUPHWDOOLF FRPSRXQGVZLOOEH IRUPHG LQ WKHEUD]LQJ VHDPGXH WR LQVXIILFLHQWO\GLIIXVHG03'HOHPHQWVZKLFK
ZLOOOHDGWRFUDFNVQHDUWKHPDQGWKHVLJQLILFDQWUHGXFWLRQLQVWUXFWXUDOVWUHQJWKDQGWRXJKQHVV>@+RZHYHUWKH
EHKDYLRXURIGLIIXVLRQFRPSRQHQWZKLFKLVFORVHO\UHODWHGWRWKHIRUPDWLRQRIEULWWOHSKDVHLVVHQVLWLYHWRWKHEUD]LQJ
SDUDPHWHUVVXFKDVEUD]LQJWHPSHUDWXUHKROGLQJWLPHDQGEUD]LQJFOHDUDQFH,QYLHZRIWKLVWKHH[SHULPHQWDOVWXG\
EDVHGRQZHGJHVKDSHGJDSVSHFLPHQFRXOGEHDGHVLUDEOHDSSURDFKWRVWXG\WKHEUD]HGMRLQWV,QWKHZHGJHVKDSHG
JDSMRLQWDGLVWLQFWLRQLVPDGHEHWZHHQDUHDVIUHHRIEULWWOHSKDVHDQGEULWWOHSKDVHFRQWDLQLQJVHDPVHFWLRQV>@
7KH LQLWLDO IRUPDWLRQ RI EULWWOH SKDVH VWDELOL]DWLRQPDUNV WKHPD[LPXPEUD]LQJ FOHDUDQFH 0%& DW EUD]HG MRLQW
ZKHUH WKH GLIIXVLRQ FRPSRQHQWV KDYH EHHQ MXVW FRPSOHWHO\ GLIIXVHG 7KXV WKH FRUUHVSRQGLQJ EUD]LQJ WLPH FDQ
UHSUHVHQWWKHLVRWKHUPDOVROLGLILFDWLRQWLPHIRUWKDW0%&
7KHPRVWLGHDOPDWHULDORIFRPSDFWKHDWH[FKDQJHUVXVHGLQ+7*5LV66/EHFDXVHRILWVJRRGIHDWXUHVVXFK
DV H[FHOOHQW HOHYDWHG WHPSHUDWXUH VWUHQJWK DQG UHPDUNDEOH FRUURVLRQ UHVLVWDQFH >@ &RQVLGHULQJ WKH SRWHQWLDO
LQFUHDVLQJHQJLQHHULQJDSSOLFDWLRQRIWKHVWDLQOHVVVWHHOEUD]LQJWHFKQRORJ\LQPDQ\LQGXVWULHVVHYHUDOVWDLQOHVVVWHHO
EUD]HGMRLQWVKDYHEHHQLQYHVWLJDWHG>@+RZHYHUWKHH[SHULPHQWDOLQYHVWLJDWLRQRI66/EUD]HGMRLQWV
EDVHGRQZHGJHGVKDSHGJDSVSHFLPHQFRXOGEHVHOGRPIRXQGLQWKHOLWHUDWXUH7KHNLQHWLFSDUDPHWHUVRIGLIIXVLRQ
FRPSRQHQW ZHUH DOVR QRW DFTXLUHG ZKLFK ZRXOG EH EHQHILFLDO WR XQGHUVWDQG WKH GLIIXVLRQ PHFKDQLVP RI03'
HOHPHQWV LQ WKH IXWXUH UHVHDUFK$GGLWLRQDOO\ WKHZHWWDELOLW\RIQLFNHOEDVHG%1L ILOOHU DOOR\RQ VWDLQOHVV VWHHOV
GXULQJERQGLQJSURFHVVLVH[FHOOHQWDQGDOVRDOOR\LQJHOHPHQWVGLVVROYHGIURPWKHEDVHPHWDOVHIILFLHQWO\LQWHUDFW
ZLWKWKHQLFNHOILOOHUPHWDO>@7KHUHIRUH66/DQG%1LZHUHFKRVHQDVWKHEDVHPHWDODQGILOOHUDOOR\IRUWKH
FXUUHQWVWXG\UHVSHFWLYHO\
,QWKHSUHVHQWSDSHULQRUGHUWRREWDLQWKHFRUUHVSRQGLQJ0%&YDOXHVXQGHUVSHFLILHGEUD]LQJSDUDPHWHUVDQHZ
ZHGJHVKDSHG VSHFLPHQ ZDV GHVLJQHG DQG PDQXIDFWXUHG 1LQH 66/%1L66/ MRLQWV ZHUH EUD]HG DQG
H[SHULPHQWHG DW   DQG  q& ZLWK GLIIHUHQW KROGLQJ WLPH UDQJHG IURP  WR  PLQ UHVSHFWLYHO\
&RXSOHGZLWK WZR FODVVLFDOPRGHOV WKHPD[LPXPEUD]LQJ FOHDUDQFHV XQGHU GLIIHUHQW SURFHVV SDUDPHWHUV DQG WKH
NLQHWLFSDUDPHWHUVLQFOXGLQJGLIIXVLRQFRHIILFLHQWDQGGLIIXVLRQDFWLYLW\HQHUJ\ZHUHGHWHUPLQHG7KHQWKHHIIHFWV
RIWKHEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPHRQWKH0%&YDOXHZHUHDOVRLQYHVWLJDWHG
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2.1. Materials and the wedge-shaped specimen 
$FRPPHUFLDO/DXVWHQLWLFVWDLQOHVVVWHHOVKHHWDQGDQDPRUSKRXV%1LIRLOZHUHXVHGDVWKHEDVHDOOR\DQG
ILOOHUPHWDO UHVSHFWLYHO\7DEOHVKRZVWKHLUDFWXDOO\PHDVXUHGFKHPLFDOFRPSRVLWLRQVLQZHLJKWSHUFHQW'XHWR
WKHFKHPLFDOFRPSRVLWLRQVRI%1LILOOHUDOOR\LVDOPRVWLGHQWLFDOWRWKHQRPLQDOFRPSRVLWLRQVRILW>@LWFDQ
EH UHDVRQDEO\ FRQILUPHG WKDW WKHPHOWLQJ WHPSHUDWXUH UDQJH IRU%1L ILOOHU DOOR\ LV FRQVLVWHQWZLWK WKH QRPLQDO
YDOXH
7DEOH&KHPLFDOFRPSRVLWLRQVRI66/EDVHPHWDODQG%1LILOOHUDOOR\
0DWHULDO &KHPLFDOFRPSRVLWLRQVZW 6ROLGXVq& /LTXLGXVq&
66/ &6L360Q1L
&U0R)H
 
%1L %&6L&U)H1L  

$FFRUGLQJWRWKH)LJDWKHQHZZHGJHVKDSHGVSHFLPHQLVGHVLJQHGDQGPDQXIDFWXUHGWRIRUPDZHGJHVKDSHG
JURRYHZKLFKFDQEHFRQVLGHUHGDVDYDULDEOHMRLQWFOHDUDQFH7KLVVSHFLPHQFRQVLVWVRIXSSHUDQGORZHUSRUWLRQV
DQGERWKRIWKHPDUH66/7KHZLGWKRIXSSHUSRUWLRQPPLVDVZLGHDVWKHZLGWKRIWKHDPRUSKRXV%1L
IRLO7KHOHQJWKRIXSSHUSRUWLRQLVPPDQGWKHVHOHFWLRQRI WKLVYDOXHKDVDJUHDWLPSDFWRQWKHIRUPDWLRQRI
ZHGJHVKDSHG JURRYH 7KH VL]H RI WKH ORZHU SRUWLRQ ZDV GHVLJQHG WRPDWFK WKH XSSHU SRUWLRQ 7KH VL]H RI WKH
ZHGJHVKDSHGJURRYHYDULHV IURP WRȝPDSSUR[LPDWHO\ )LJE7KH DQJOHEHWZHHQ WKHXSSHU DQG ORZHU
SRUWLRQV LV  ,GHDOO\ WKH DQJOH VKRXOG EH VPDOOHU EXW LW LV OLPLWHG E\ WKH PDFKLQLQJ DFFXUDF\ DFWXDOO\ ,Q
DGGLWLRQLWVKRXOGEHDOVRQRWHGWKDWIRUWKHQHZZHGJHVKDSHGVSHFLPHQWKHOHDNDJHRIWKHPROWHQILOOHUDOOR\LQ
WKHZHGJH JURRYH GXH WR H[WUXVLRQ RU VXUIDFHZHWWLQJ DQG WKH FRQYHQLHQFH RI H[SHULPHQWDO RSHUDWLRQ KDYH EHHQ
WDNHQLQWRDFFRXQW

 
  
)LJD7KHVFKHPDWLFRIWKHQHZZHGJHVKDSHVSHFLPHQPPEWKHZHGJHVKDSHGMRLQWPP
2.2. Experimental procedures 
3ULRUWREUD]LQJRSHUDWLRQWKHID\LQJVXUIDFHVRIWKHEDVHPHWDODQGILOOHUDOOR\ZHUHXOWUDVRQLFDOO\GHJUHDVHGLQ
DFHWRQHIRUPLQ$GHTXDWHIRLOVZLWKȝPLQWKLFNQHVVZHUHSODFHGLQ WKHJURRYH7KHUHDIWHU WKHDVVHPEOHG
VSHFLPHQZDVHQWLUHO\SODFHGLQDYDFXXPIXUQDFHZLWKDKHDY\PRO\EGHQXPOXPSRQLWWRSUHYHQWLWIURPPRYLQJ
$FFRUGLQJ WR2XHW DO >@RQ WKHZHWWLQJDQJOHPHDVXUHPHQWVRI%1L ILOOHU DOOR\ LWZDVREVHUYHG WKDW WKH
PROWHQ%1LILOOHUDOOR\FDQQRWJHWHIIHFWLYHO\ZHWWLQJSURSHUW\DWq&7KXVWKHEUD]LQJSDUDPHWHUVPDWUL[LQ
66/%1L
D E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FXUUHQWVWXG\ZDVVHOHFWHGDVVKRZQLQ7DEOH7KHYDFXXPEUD]LQJKHDWLQJF\FOH)LJLQFOXGHGWKHIROORZLQJ
SDUWVSXPSLQJWKHIXUQDFHWR3DVWHSKHDWLQJDWWHPSHUDWXUHIURPWRq&ZLWKLQPLQVWHS
KROGLQJDWq&IRUPLQ VWHS DQG WKHQKHDWLQJ WR WKHEUD]LQJ WHPSHUDWXUHZLWKLQPLQDSSUR[LPDWHO\
VWHSVXEVHTXHQWWRWKLVKROGLQJVWDJHZLWKLQDSUHVHWWLPHVWHS$IWHUWKHFRPSOHWLRQRIKROGLQJVWDJHWKH
VSHFLPHQZDVVHOIFRROLQJLQYDFXXPIXUQDFHVWHS
7DEOH%UD]LQJSDUDPHWHUVPDWUL[
7HPSHUDWXUHq& +ROGLQJWLPH˄PLQ˅
   
   
   

7KHERQGHGVDPSOHVIRUPHWDOORJUDSKLFLQYHVWLJDWLRQZHUHVHFWLRQHGIURPWKHEUD]HGMRLQWVXVLQJD1&ZLUHFXW
HOHFWURGLVFKDUJHPDFKLQH:('0DVVKRZQLQ)LJE7KHUHDIWHUWKH\ZHUHJULQGHGSROLVKHGHWFKHGLQRUGHU
DQG H[DPLQHG XVLQJ WKH RSWLFDO PHWDOORJUDSK\ DQG VFDQQLQJ HOHFWURQPLFURVFRSH 6(0 HTXLSSHGZLWK HOHFWURQ
GLVSHUVLYH VSHFWURPHWU\ ('6 +DUGQHVV YDOXHV DW WKH EUD]LQJ VHDP ZHUH DOVR PHDVXUHG E\ XVLQJ D +;'
70&/&'KDUGQHVVWHVWHUZLWKDORDGRIJI
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)LJ7KHWHPSHUDWXUHKLVWRU\RIYDFXXPEUD]LQJ
'LIIXVLRQEDVHGWKHRULHVRINLQHWLFSDUDPHWHUV
3.1. The acquisition approach of diffusion coefficient 
7KHGLIIXVLRQFRHIILFLHQWLVDEDVLFNLQHWLFSDUDPHWHURIWKHDWRPLFGLIIXVLRQDWMRLQWLQWHUIDFH&RPSDUHGZLWKWKH
MRLQW IRUPDWLRQ PHFKDQLVP RI 7UDQVLHQW OLTXLG SKDVH ERQGLQJ 7/3 H[SHULPHQWDO UHVHDUFKHV RI EUD]HG MRLQW
PLFURVWUXFWXUHZLWKQDUURZJDSLGHQWLFDOO\WHQGWRIRFXVRQWKH03'HOHPHQWVGLIIXVLRQEHKDYLRXURIWKHILOOHUDOOR\
+HQFHDQDO\WLFDO7/3PRGHOVKDYHEHHQSURSRVHGWRGHVFULEHWKHNLQHWLFVSURFHVVRIWKHEUD]LQJLQFXUUHQWVWXG\
>@6HYHUDO DQDO\WLFDO7/3PRGHOVKDYHEHHQSURSRVHG WRGHVFULEH WKHNLQHWLFVRI WKHERQGLQJSURFHVV >@
$OPRVWRIWKHPFDQEHFODVVLILHGLQWRWKUHHW\SHVQDPHO\VWDWLRQDU\VROLGOLTXLGLQWHUIDFHPRGHOVROXWHGLVWULEXWLRQ
ODZPRGHODQGPLJUDWLQJVROLGOLTXLGLQWHUIDFHPRGHOJHQHUDOO\OLPLWHGWRDGHVFULSWLRQRILVRWKHUPDOVROLGLILFDWLRQ
VWDJH7KLVDVVXPHVWKDW WKHUHKDVEHHQQRVROXWHSULRUGLIIXVLRQRQRWKHUVWDJHVVXFKDVGLVVROXWLRQRUZLGHQLQJ
VLQFHGLVVROXWLRQRIWKHVROLGSKDVHDQGZLGHQLQJRIWKHOLTXLGOD\HUQRUPDOO\RFFXUZLWKLQDYHU\VKRUWWLPH
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=KRX >@ H[DPLQHG WKH GHULYDWLRQ SURFHGXUHV RI WKH VWDWLRQDU\ VROLGOLTXLG LQWHUIDFH PRGHO DQG PLJUDWLQJ
VROLGOLTXLG LQWHUIDFH PRGHO WR VWXG\ WKH GLIIHUHQFH EHWZHHQ WKHP ,W PD\ EH SRVWXODWHG WKDW WKH VWDWLRQDU\
VROLGOLTXLGLQWHUIDFHPRGHOJRWOHVVDFFXUDWHPLJUDWLQJVROLGOLTXLGLQWHUIDFHPRGHOSURYLGHVDEHWWHUDSSUR[LPDWLRQ
WR VLPXODWH WKH SURFHVV IRU WKH LVRWKHUPDO VROLGLILFDWLRQ VWDJH &RUUHVSRQGLQJO\$UDILQ HW DO >@ LQGLFDWHG WKDW
DOWKRXJKWKLVVROXWHGLVWULEXWLRQODZPRGHOFDQEHXVHGIRUDUHDVRQDEOHDSSUR[LPDWLRQRILVRWKHUPDOVROLGLILFDWLRQ
VWDJHWKHPLJUDWLQJVROLGOLTXLGLQWHUIDFHPRGHOVKRXOGEHXVHGIRUEHWWHUDFFXUDF\DQGUHOLDELOLW\7KHUHIRUHLQWKLV
SDSHUDFFRUGLQJWRWKHFRPSUHKHQVLYHFRPSDULVRQRIWKHDERYHWKHGLIIXVLRQFRHIILFLHQWRIERURQFRPSRQHQWZKLFK
LV WKH PDMRU GLIIXVLRQ FRPSRQHQW LQ FXUUHQW VWXG\ ZDV GHWHUPLQHG E\ XVLQJ WKH PLJUDWLQJ VROLGOLTXLG LQWHUIDFH
PRGHO
7KHPLJUDWLRQRI WKHVROLGOLTXLG LQWHUIDFH LVFRQWUROOHGE\ WKHGLIIXVLRQRI WKHERURQFRPSRQHQW LQWR WKHVROLG
SKDVH GULYHQ E\ FRQFHQWUDWLRQ JUDGLHQW 0RUHRYHU WKH VROXWH FRQVHUYDWLRQ UHTXLUHPHQW LQ WKH VROLG PDNHV LW
SRVVLEOHWRDSSO\WKH)LFN
VVHFRQGODZIRUWKHFDVHRIXQLGLUHFWLRQDOGLIIXVLRQ>@


C CD
t x
w w 
w w
  
ZKHUHCGHQRWHVWKHFRQFHQWUDWLRQRIWKHERURQFRPSRQHQWLQWKHVROLGSKDVHD LVWKHGLIIXVLRQFRHIILFLHQWLQWKH
EDVHPHWDOZKLFKLVFRQVLGHUHGDVDFRQVWDQWLQWKLVSDSHU
$JHQHUDO HUURU IXQFWLRQ VROXWLRQIRU WKH)LFN
V VHFRQG ODZ LVXVHG WRFDOFXODWH WKHFRQFHQWUDWLRQRI WKH VROXWH
DWRPLQWKHVROLGSKDVH>@
 

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 C ,t A B Cf      
DQGC0LVWKHLQLWLDOVROXWHFRQFHQWUDWLRQLQWKHEDVHPHWDO$QGDWWKHPRYLQJVROLGOLTXLGLQWHUIDFHx xs
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
ZKHUHCsLVWKHVROXWHFRQFHQWUDWLRQRIWKHVROLGSKDVHDWWKHVROLGOLTXLGLQWHUIDFH
6LQFHWKH(TXDWLRQZLOOREH\DOOYDOXHVRItxsPXVWEHSURSRUWLRQDOWRt»
sx DtE   
ZKHUH ȕ LV D GLPHQVLRQOHVV FRQVWDQW 7KH PDVV EDODQFH DW WKH VROLGOLTXLG LQWHUIDFH VDWLVILHV WKH IROORZLQJ
UHODWLRQVKLS
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ZKHUHCLLVWKHVROXWHFRQFHQWUDWLRQRIWKHOLTXLGSKDVHDWWKHVROLGOLTXLGLQWHUIDFH$QGWKHVROXWLRQIRUȕLVJLYHQ
E\VROYLQJ(TXDWLRQV>@
 
 


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exp C C
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
7KHUHIRUHIRUDJLYHQUDWLRRICs C0CLCsE\UHIHUULQJWKHSKDVHGLDJUDPWKHYDOXHRIȕFDQEHHVWLPDWHG
QXPHULFDOO\ $IWHU WKDW DFFRUGLQJ WR (TXDWLRQ  WKH GLIIXVLRQ FRHIILFLHQW RI ERURQ FRPSRQHQW GXULQJ EUD]LQJ
SURFHVVZLWKWKHVHOHFWHGEUD]LQJSDUDPHWHUVFDQEHFDOFXODWHGXVLQJWKHIROORZLQJH[SUHVVLRQ
 


 IS
h
D
tE
   
ZKHUHtISLVWKHWLPHRILVRWKHUPDOVROLGLILFDWLRQVWDJHZKLFKFRUUHVSRQGVWRWKHKROGLQJWLPHRIWKHH[SHULPHQW2h 
LV WKH ILQDOPD[LPXPZLGWKRI WKHPROWHQ]RQH DOVR WHUPHGDVPD[LPXPEUD]LQJFOHDUDQFH 0%&YDOXHRI WKH
EUD]HGMRLQWV
3.2. The acquisition approach of diffusion activation energy 
$QRWKHU EDVLF NLQHWLF SDUDPHWHU IRU WKH DWRPLF GLIIXVLRQ DW MRLQW LQWHUIDFH LV GLIIXVLRQ DFWLYLW\ HQHUJ\ )RU DQ
DWRPLFGLIIXVLRQPHFKDQLVPZKDWHYHULWLVJDSPHFKDQLVPH[FKDQJHPHFKDQLVPRUVSDFHPHFKDQLVPLWUHTXLUHV
H[WHUQDO HQHUJ\ WR RYHUFRPH WKH HQHUJ\ EDUULHU ZKLFK FDQ EH FDOOHG GLIIXVLRQ DFWLYDWLRQ HQHUJ\ 7KH GLIIXVLRQ
DFWLYDWLRQHQHUJ\ZLOOEHLQIOXHQFHGE\WKHFRQFHQWUDWLRQRIGLIIXVLRQFRPSRQHQWDQGWKHFRKHVLRQIRUFHEHWZHHQWKH
GLIIXVLRQ FRPSRQHQW DQG WKHRWKHU FRPSRQHQWV DQG WKHQGLIIXVLRQ FRHIILFLHQW FKDQJHV DORQJZLWK LW7KH DWRPLF
GLIIXVLRQFRHIILFLHQWLVUHTXLUHGWRPHHWWKH$UUKHQLXVHTXDWLRQ>@ZKLFKUHJXODWHVWKHUHODWLRQVKLSEHWZHHQWKH
GLIIXVLRQFRHIILFLHQWZLWKWKHGLIIXVLRQDFWLYDWLRQHQHUJ\QDQGWKHGLIIXVLRQFRQVWDQWD0.
7KHIDPRXV$UUKHQLXVHTXDWLRQLVH[SUHVVHGDV>@

Q / RTD D e   
ZKHUHD0 LVWKHGLIIXVLRQFRQVWDQWQLVWKHGLIIXVLRQDFWLYDWLRQHQHUJ\TLVWKHDEVROXWHERQGLQJWHPSHUDWXUHDQGR
LVWKHJDVFRQVWDQW7DNLQJWKHORJDULWKPRIERWKVLGHVRI(TXDWLRQRQHFDQJHWWKHIROORZLQJUHODWLRQVKLS

Qln D ln D
R T
    
6LQFHWKHGLIIXVLRQDFWLYDWLRQHQHUJ\Q DQGGLIIXVLRQFRQVWDQWD0DUHWHPSHUDWXUHLQGHSHQGHQWDQGRQO\UHODWHG
WRWKHGLIIXVLRQPHFKDQLVPDQGWKHQDWXUHRIPDWHULDOVWKHUHVKRXOGEHDJRRGOLQHDUUHODWLRQVKLSEHWZHHQlnDDQG
1/T$IWHUGHWHUPLQLQJGLIIXVLRQFRHIILFLHQWYDOXHV'H[SHULPHQWDOO\DWGLIIHUHQWWHPSHUDWXUHVIURP(TXDWLRQV
WKHFRUUHVSRQGLQJYDOXHVRIlnDDORQJZLWKTFRXOGEHFDOFXODWHGE\ILWWLQJWKHH[SHULPHQWDOGDWD
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5HVXOWVDQGGLVFXVVLRQV
4.1. Determination of MBC value for the SS 316L/BNi-2/SS316L brazed joint 
,QWKLVVHFWLRQWKHVSHFLPHQVEUD]HGIRUPLQDWDQG&UHVSHFWLYHO\ZHUHFKRVHQDVH[DPSOHVWR
GHVFULEHWKHGHWHUPLQDWLRQPHWKRGRI0%&YDOXHLQGHWDLOWKHVHUHVXOWVDUHVKRZQLQ7DEOHDQG)LJ
7DEOH&HQWHU]RQHFRQVWLWXHQWVFKDUDFWHULVWLFRIWKHEUD]HGMRLQW
%UD]HG]RQH &KHPLFDOFRPSRVLWLRQVZW 0LFURKDUGQHVV+9 SKDVH
]RQH 6L&U)H1L  1LULFKVROLGVROXWLRQ
]RQH
%6L&U)H
1L

&UULFKERULGH
1LULFKERULGH
]RQH 6L&U)H1L  1LULFKVROLGVROXWLRQ
]RQH
%6L&U)H
1L

&UULFKERULGH
1LULFKERULGH

7KH LQLWLDO IRUPDWLRQ RI EULWWOH SKDVH VWDELOL]DWLRQ PDUNV WKH PD[LPXP EUD]LQJ FOHDUDQFH 0%& IRU WKH
FRPELQDWLRQRIEDVHPHWDOVDQGILOOHUDOOR\>@,QWKHSUHVHQWZHGJHJDSMRLQWDGLVWLQFWLRQLVPDGHEHWZHHQDUHDV
IUHHRIEULWWOHSKDVHQDPHO\WKHUHJLRQZLWKIXOOVROLGVROXWLRQSKDVHDQGLQWHUPHWDOOLFFRPSRXQGSKDVHVZLWKWKH
YDULDWLRQRIMRLQWJDSDVVKRZQLQ)LJ
7KH6(0('6FRPSRVLWLRQDODQDO\VLVRI WKHFHQWUH]RQH7DEOHVXJJHVWV WKHEULWWOHSKDVHVFRXOGEHQLFNHO
ULFKDQGFKURPLXPULFKERULGHV 8VLQJ WKHKDUGQHVV WHVWHU WKHPLFURKDUGQHVV LVGHWHUPLQHGE\PHDQYDOXHVRI
PHDVXUHPHQWV WDNHQDW WKHMRLQWRQHDFK]RQH7KHUHVXOWV LQGLFDWH WKDW WKHKDUGQHVVRI WKHEULWWOHSKDVHV&UULFK
ERULGH1LULFK ERULGH LVPXFK KLJKHU WKDQ WKDW RI WKH1LULFK VROLG VROXWLRQ )RUPDWLRQ RI VXFK H[WUHPHO\ KDUG
SURGXFWKDVEHHQIRXQGWRSURYLGHDSUHIHUHQWLDOORZUHVLVWDQFHSDWKIRUFUDFNLQLWLDWLRQDQGRUSURSDJDWLRQZKLFK
UHVXOWVLQVLJQLILFDQWUHGXFWLRQLQWKHVWUHQJWKRIWKHMRLQWV>@
7KHUHIRUHWKURXJKDERYHFRPSUHKHQVLYHDQDO\VLVSURFHVVWKH0%&YDOXHRIEUD]HGMRLQWXQGHUVSHFLILFEUD]LQJ
SURFHVVSDUDPHWHUVFDQEHGHWHUPLQHGDFFXUDWHO\$GGLWLRQDOO\)LJVKRZVWKDWWKHGLIIXVLRQRI03'HOHPHQWLQWR
WKHEDVHPHWDOGXULQJFRPSOHWHLVRWKHUPDOVROLGLILFDWLRQLVPDLQO\JUDLQERXQGDU\GLIIXVLRQ


)LJ6(0PLFURJUDSKVRI66/%1L66/MRLQWEUD]HGDWWKHKROGLQJWLPHPLQIRUDq&DQGEq&
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4.2. Effects of the brazing temperature and holding time on the MBC 
)LJXUHVKRZVWKHZKROH0%&YDOXHVIRUWKH66/%1LFRPELQDWLRQEUD]HGDWDQGq&
ZLWKGLIIHUHQWKROGLQJWLPHVUDQJHGIURPWRPLQUHVSHFWLYHO\,WLVFOHDUWKDWERWKWKHEUD]LQJWHPSHUDWXUHDQG
WKHKROGLQJWLPHKDYHDVWURQJLQIOXHQFHRQWKH0%&YDOXHVZKLFKDUHFORVHO\UHODWHGWRWKHNLQHWLFVEHKDYLRXURI
GLIIXVLRQ FRPSRQHQW GXULQJ LVRWKHUPDO VROLGLILFDWLRQ VWDJH 6LJQLILFDQW DXJPHQW RI WKH 0%& YDOXHV KDV EHHQ
REVHUYHGZLWKLQFUHDVHLQEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPH,WLVDOVRIRXQGWKDWWKHPLQLPXP0%&YDOXHLV
ȝPZKLFKZDV DFTXLUHG DW  q&ZLWKLQ PLQ 6LPLODUO\ WKHPD[LPXP0%& YDOXH LV  ȝPZKLFKZDV
DFTXLUHGDWq&ZLWKLQPLQ
+RZHYHULQWKLVVHFWLRQWKDWLVQRWWRVD\WKHKLJKHUWKHEUD]LQJSDUDPHWHUVWKHEHWWHUWKHEUD]HGMRLQW)RUKLJK
WHPSHUDWXUH EUD]LQJ WKH IXVLQJ GLVVROXWLRQ RI VROLG EDVH PHWDO LQ WKH PROWHQ OLTXLG EUD]LQJ ILOOHU DOOR\ GXULQJ
EUD]LQJSURFHVVLVLQHYLWDEOH>@$FFRUGLQJWR$UDILQHWDO>@LWZDVREVHUYHGWKDWWKHGLVVROXWLRQWKLFNQHVVHVRI
WKHEDVHPHWDOLQFUHDVHGVLJQLILFDQWO\ZLWKLQFUHDVLQJERQGLQJWHPSHUDWXUHV+HQFHLIWKHGLVVROXWLRQSURFHVVZDV
QRWZHOO FRQWUROOHG E\RSWLPL]LQJ WKH EUD]LQJSURFHVV SDUDPHWHUV RYHUGLVVROXWLRQRI EDVHPHWDOZRXOG UHVXOW LQ
FRUURVLRQKROHV LQ WKH WKLQZDOOHGSUHFLVLRQVHDOVWUXFWXUHV7KHPRVWDSSURSULDWHEUD]LQJSDUDPHWHUV IRUGLIIHUHQW
WKLQZDOOHGVWUXFWXUHVVKRXOGEHIXUWKHULQYHVWLJDWHGDFFRUGLQJWRLWVLQGXVWULDODSSOLFDWLRQ

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4.3. Calculation of diffusion coefficient for boron 
7KHILOOHUDOOR\%1LZKLFKDOVRFDQEHGHVFULEHGDVPXOWLFRPSRQHQW1L&U%)H6LLQWHUOD\HUHPSOR\VWZR
PHOWLQJSRLQWGHSUHVVDQWV6L%ZLWKZLGHO\GLIIHULQJGLIIXVLRQFRHIILFLHQWVLQWKHVXEVWUDWHPDWHULDO7KHGLIIXVLRQ
RI%LVHVVHQWLDOO\DQLQWHUVWLWLDODWRPLQȖ1LGXHWRLWVVPDOODWRPLFVL]H&RUUHVSRQGLQJO\WKHGLIIXVLRQFRHIILFLHQW
RIERURQLVIRXURUGHUVRIPDJQLWXGHKLJKHUWKDQWKDWRI6L>@,QDGGLWLRQDFFRUGLQJWRWKH1L±6L1L±&UDQG1L
)HSKDVHGLDJUDPWKH1LFDQEHPXWXDOO\VROXEOHZLWKWKH)HDQG&UVHSDUDWHO\DQGGLVVROYHDQDYHUDJHRIDW
6LZKLFK LV ODUJHU WKDQ DFWXDO FRQFHQWUDWLRQ LQ WKH MRLQW RYHU WKHEUD]LQJ WHPSHUDWXUH UDQJH+RZHYHU WKH ERURQ
OLPLWLQJVROXELOLW\ LQSXUHQLFNHO LVDWEDVHGRQ1L%ELQDU\SKDVHGLDJUDP>@%RURQFRPSRVLWLRQ LQ
MRLQWFHQWUHDUHDUHDFKHGWKHVROLGXVYDOXHGXULQJWKHKROGLQJVWDJHGXHWRWKHGLIIXVLRQWRZDUGVWKHEDVHPHWDODQG
WKHUHDIWHUWKHIRUPDWLRQRIEULWWOHSKDVHVZDVDYRLGHGGXULQJFRROLQJ
7KXVLWFDQEHLQIHUUHGWKDWERURQLVWKHPDMRUVROXWHHOHPHQWWRIRUPWKHLQWHUPHWDOOLFSKDVHVRQO\FRQVLGHULQJ
WKHNLQHWLFVSDUDPHWHUVRIERURQIRUPHOWLQJSRLQWGHSUHVVDQWVGXULQJGLIIXVLRQFRQWUROOHGLVRWKHUPDOVROLGLILFDWLRQ
VWDJHWREHUHDVRQDEOHDQGDGGLWLRQDOO\DWWKHPD[LPXPEUD]LQJFOHDUDQFH0%&RIEUD]HGMRLQWWKHERURQFDQDOO
UHDOL]HWKHWKRURXJKGLIIXVLRQLQWRWKHEDVHPHWDO
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7RREWDLQWKHGLIIXVLRQFRHIILFLHQWVRIERURQLQWKHEDVHDOOR\DWWKHWKUHHEUD]LQJWHPSHUDWXUHVERWK(TXDWLRQV
 DQG )LJ  QHHG WR EH WDNHQ LQ WR FRQVLGHUDWLRQ $FFRUGLQJ WR $UDILQ HW DO >@ WKH DVVXPSWLRQ WKDW WKH
VROXELOLW\OLPLWRIERURQDWLQDXVWHQLWLFVWDLQOHVVVWHHOKDVEHHQH[SHULPHQWDOO\YHULILHGWREHVDPHZLWK
SXUHQLFNHORUQLFNHOEDVHGDOOR\VGXULQJ7/3ERQGLQJZLWKQLFNHOEDVHGILOOHUDOOR\7KHUHIRUHIRUWKHFRPELQDWLRQ
RIDXVWHQLWLFVWDLQOHVVVWHHO/DQG%1LLQFXUUHQWVWXG\ȕLQ(TXDWLRQZDVFDOFXODWHGE\WDNLQJCsDQGCLDV
WKH DYHUDJH VROLGXV DQG OLTXLGXV ERURQ FRPSRVLWLRQ RI WKH SUHVHQW V\VWHP  DQG  DW UHVSHFWLYHO\ 7KH
FDOFXODWLRQYDOXHVRIGLIIXVLRQFRHIILFLHQWVDUHSUHVHQWHGLQ7DEOH
7DEOH'LIIXVLRQFRHIILFLHQWVRIERURQLQ66/
%UD]LQJWHPSHUDWXUHq&
'LIIXVLRQFRHIILFLHQWV˄PāV˅î
PLQ PLQ PLQ PHDQ
    
    
    

,QRUGHUWRFOHDUO\VWXG\WKHHIIHFWVRIEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPHRQGLIIXVLRQFRHIILFLHQWVRIERURQLQ
66/WKHYDOXHVLQ7DEOHDUHSORWWHGDVVKRZQLQ)LJ7KHGLIIXVLRQFRHIILFLHQWLQFUHDVHVZLWKWKHLQFUHDVHRI
WHPSHUDWXUH DQG GHFUHDVHV ZLWK WKH LQFUHDVH RI KROGLQJ WLPH DW D VSHFLILF WHPSHUDWXUH ,GHDOO\ WKH GLIIXVLRQ
FRHIILFLHQW RI VROXWH DWRPV DW D VSHFLILHG ERQGLQJ WHPSHUDWXUH LV FRQVWDQW +RZHYHU DFWXDOO\ IRU WKH GLIIXVLRQ
FRQWUROOHGLVRWKHUPDOVROLGLILFDWLRQVWDJHRIWKHEUD]HGMRLQWERURQFRQFHQWUDWLRQJUDGLHQWZKLFKLVWKHPDLQGULYLQJ
IRUFHRIGLIIXVLRQ UHGXFHVJUDGXDOO\ZLWK WKH FRQWLQXRXVGLIIXVLRQRIERURQ WRZDUGV WKHEDVHPHWDO7KXV)LJ
LQGLFDWHVWKHDFWXDOGLIIXVLRQEHKDYLRXURIWKHERURQGXULQJLVRWKHUPDOVROLGLILFDWLRQSURFHVV
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)LJ(IIHFWVRIEUD]LQJWHPSHUDWXUHDDQGKROGLQJWLPHERQWKHGLIIXVLRQFRHIILFLHQWRIERURQ
4.4. Calculation of diffusion activity energy for boron 
7KHREWDLQHGGLIIXVLRQFRHIILFLHQWV IURP7DEOHZHUH WKHQXVHG LQ WKHHPSLULFDO(TXDWLRQ WRFDOFXODWH WKH
GLIIXVLRQDFWLYLW\HQHUJ\RIERURQLQ66/7KHORJDULWKPLFYDOXHVRIWKHGLIIXVLRQFRHIILFLHQWVlnDDJDLQVWWKH
FRUUHVSRQGLQJ LQYHUVH WHPSHUDWXUH T DUH SORWWHG DV VKRZQ LQ )LJ  7KH VORSH DQG LQWHUFHSW RI WKH OLQH DUH
GHWHUPLQHGE\ILWWLQJWKHGDWDSRLQWV
,Q WKLV VWXG\ WKH DSSDUHQW DFWLYDWLRQ HQHUJ\ Q IRU ERURQ DQG LWV GLIIXVLRQ FRQVWDQW D0 LQ 66/ GXULQJ
LVRWKHUPDOVROLGLILFDWLRQVWDJHZHUHFRPSXWHGWREHN-PRODQGPV0HDQZKLOHDVVKRZQLQ7DEOH
WKURXJK VXPPDUL]LQJ WKH LQYHVWLJDWLRQ RI RWKHU UHVHDUFKHUV RQ GLIIXVLRQ DFWLYDWLRQ HQHUJ\ RI ERURQ LQ GLIIHUHQW
PDWHULDOV >   @ LW LV REVHUYHG WKDW WKH GLIIXVLRQ DFWLYDWLRQ HQHUJLHV RI ERURQ LQ FRQYHQWLRQDO VWDLQOHVV
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VWHHOVDUHVPDOOHUWKDQWKRVHLQSXUHQLFNHODQGQLFNHOEDVHGDOOR\V7KXVFRPSDUHGZLWKQLFNHOEDVHGPDWHULDOVWKH
GLIIXVLRQRIERURQDWRPLQFRQYHQWLRQDOVWDLQOHVVVWHHOVRFFXUVPXFKHDVLHUGXULQJLVRWKHUPDOVROLGLILFDWLRQVWDJH

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)LJ7KHORJDULWKPLFYDOXHVRIGLIIXVLRQFRHIILFLHQWVOQDYHUVXVT
7DEOH'LIIXVLRQDFWLYDWLRQHQHUJLHVRIERURQLQGLIIHUHQWPDWHULDOV
0DWHULDO 'LIIXVLRQFRQVWDQWPVîA 'LIIXVLRQDFWLYLW\HQHUJ\N-PRO
66/
66


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66
LQFRQHO
LQFRQHO
,QFRQHO
1L










&RQFOXVLRQV
7KHZHGJHVKDSHGMRLQWVSHFLPHQVRI66/ZHUHSUHSDUHGDQGH[SHULPHQWDOO\EUD]HGXVLQJ%1LILOOHUDOOR\
7ZRFODVVLFDODQDO\WLFDOPRGHOVRINLQHWLFSDUDPHWHUVFRXSOHGZLWKH[SHULPHQWDOGDWDKDYHEHHQXVHGWRVWXG\WKH
NLQHWLFSDUDPHWHUVRIGLIIXVLRQFRPSRQHQWERURQ7KHIROORZLQJFRQFOXVLRQVFDQEHGUDZQ
$QHZW\SHRIZHGJHVKDSHGEUD]LQJVSHFLPHQLVGHVLJQHGDQGVXFFHVVIXOO\HPSOR\HGWRDFTXLUHWKH
FRUUHVSRQGLQJ0%&YDOXHVDWDQGq&ZLWKGLIIHUHQWKROGLQJWLPHVUDQJHGIURPWRPLQ
UHVSHFWLYHO\,QWKLVVWXG\WKH0%&YDOXHVDW66/%1L/MRLQWDUHIURPWRȝP
6LJQLILFDQWDXJPHQWRIWKH0%&YDOXHKDVEHHQREVHUYHGZLWKLQFUHDVHLQEUD]LQJWHPSHUDWXUHDQGKROGLQJWLPH
'XHWRWKHIXVLQJGLVVROXWLRQRIVROLGEDVHPHWDOLQWKHPROWHQOLTXLGEUD]LQJILOOHUDOOR\WKHPRVWDSSURSULDWH
EUD]LQJSDUDPHWHUVIRUGLIIHUHQWWKLQZDOOHGVWUXFWXUHVVKRXOGEHIXUWKHULQYHVWLJDWHGDFFRUGLQJWRLWVLQGXVWULDO
DSSOLFDWLRQ
7KHGLIIXVLRQFRHIILFLHQWVRIERURQLQ66/ZHUHDFTXLUHGE\XVLQJPLJUDWLQJVROLGOLTXLGLQWHUIDFHPRGHO
FRXSOHGZLWKH[SHULPHQWDOGDWD7KHGLIIXVLRQFRHIILFLHQWRIERURQDWDVSHFLILHGERQGLQJWHPSHUDWXUHLVQRW
FRQVWDQWDQGLWLQFUHDVHVZLWKWKHLQFUHDVHRIWHPSHUDWXUHDQGGHFUHDVHVZLWKWKHLQFUHDVHRIKROGLQJWLPH
7KHGLIIXVLRQDFWLYDWLRQHQHUJ\4RIERURQLQ66/ZDVFRPSXWHGWREHN-PRO&RPSDUHGZLWKSXUH
QLFNHODQGQLFNHOEDVHGDOOR\VWKHGLIIXVLRQDFWLYDWLRQHQHUJLHVRIERURQLQFRQYHQWLRQDOVWDLQOHVVVWHHOVDUHPXFK
VPDOOHU
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